Abstract: Late Cretaceous dike swarms on Seward Peninsula, northwestern Alaska, represent the youngest local manifestation of a -115-75 Ma magmatic event in the Bering Strait region. Magmatism accompanied and followed high-grade metamorphism and ductile deformation. A Late Cretaceous extensional tectonic setting for the region is suggested by the thickness and seismic-reflection characteristics of the crust, regional basin development, formation of high-strain tectonites with subhorizontal foliations, bimodal magmatism, and dike swarms. The orientation of the dike swarms is used to address the kinematics of extension. A diabase dike swarm in the Kigluaik Mountains consists of dikes that strike northeast (040°) and dip steeply. Phenocrysts include plagioclase, clinopyroxene, orthopyroxene, and hornblende. Geochemical data indicate that SiO 2 ranges from 48% to 56%, and K 2 O from 1.2% to 4.0%. 
Introduction
The Mesozoic tectonic history of the Bering Strait region is marked by a transition from a well-documented Late Jurassic -Early Cretaceous collisional event between the Arctic Alaska-Chukotka block and one or several volcanic arcs and (or) continental blocks (Moore et al. 1994; Patton and Box 1989; Natal'in 1984) to a subsequent episode of magmatism and extension (Miller and Hudson 1991; Miller et al. 1992; Amato et al. 1994) . High-grade gneiss domes on the Seward Peninsula of northwest Alaska and the adjacent Chukotka Peninsula of northeast Russia formed during this younger event (Fig. 1) . These features are similar to extensional metamorphic core complexes (e.g., Crittenden et al. 1980 ), but detachment faults and brittlely deformed "upper plate" rocks are largely absent from the Bering Strait gneiss domes. Because of this, brittle-fault structures and sedimentary and volcanic rocks that can help determine the timing, direction, and magnitude of extension are scarce. The interpretation that the Bering Strait gneiss domes formed in a similar extensional tectonic setting is controversial (e.g., Patrick and Lieberman 1988; Till et al. 1993 ), but recently published seismic reflection data together with studies of xenoliths derived from the middle to lower crust (Miller et al. 2002a ) strongly suggest that the Bering Strait region underwent crustal extension during mid-Cretaceous to early Tertiary time. In addition, some western Alaska structures interpreted to have formed during shortening, such as the Lisburne Hills fold and thrust belt, the Herald Arch, and Tigara uplift, previously thought to be Late Cretaceous in age (Martin 1970; Grantz and May 1988) , have been shown to have formed during Early Cretaceous time (Moore et al. 2002) .
Dike swarms are common on the Seward Peninsula and have the potential to clarify some of the outstanding questions regarding the timing and direction of late Early to Late Cretaceous extension across this area. This paper presents new geochemical and structural data from the most extensive dike swarm on the Seward Peninsula, the Kigluaik diabase dike swarm, and discusses the geology and geometry of similar dike swarms in the nearby York, Bendeleben, and Darby mountains (Fig. 2) . This combined data set is then used to help constrain the Late Cretaceous tectonic setting of the Bering Strait region.
Regional geologic setting
The dike swarms of the Seward Peninsula were generated within a broad Cretaceous magmatic belt that extends 6000 km through Russia, Alaska, and the Canadian and U.S. Cordillera (e.g., Rubin et al. 1995) (Fig. 1) . Mid-to Late Cretaceous magmatism in southeast Alaska, western British Columbia, and the U.S. Cordillera sector was generated in a suprasubduction zone setting (e.g., Armstrong 1988; Lipman 1992) . In Russia, mid-Cretaceous igneous rocks include granitoid plutons and the coeval calc-alkaline Okhotsk-Chukotsk volcanic belt (Fig. 1) . The volcanic rocks extend >3500 km from easternmost Russia to northeastern China and provide strong evidence for Late Cretaceous subduction beneath the Asian continental margin (Zonenshain et al. 1990 ). The magmatic belt is widest in the Alaskan sector of the belt, where it is marked by plutons with broad variations in composition and chemistry . Although some workers suggest that these plutons may have been generated by partial melting of an older arc (e.g., Arth et al. 1989) , geochemistry and regional geologic relationships indicate magmatism in central and western Alaska occurred above a subduction zone in which the slab was retreating southward while the overriding plate was undergoing extension (Amato 1995; Rubin et al. 1995; Amato and Wright 1997) .
Several of the granitic plutons and dike swarms described within the Cretaceous magmatic belt are spatially and temporally associated with high-grade metamorphic culminations or gneiss domes (Fig. 1) . These include the gneiss domes of the Kigluaik, Bendeleben, and Darby mountains (Fig. 2) on Seward Peninsula (Till et al. 1986; Miller et al. 1992; Amato et al. 1994 ) and the Senyavin, Neshkan, and Koolen "uplifts" of the Chukotka Peninsula of northeastern Russia (Belyi 1964; Drabkin 1970; Tilman 1973; Nedomolkin 1977; Natal'in 1979; Bering Strait Geologic Field Party (BSGFP) 1997) . In the Kigluaik gneiss dome, magmatism was coeval with extensional deformation and metamorphism (Miller et al. 1992; Amato et al. 1994; Amato and Wright 1997) . Mafic magmatism was invoked as the heat source for high-grade metamorphism and melting (Amato et al. 1994; Amato and Wright 1997, 1998) . The Koolen gneiss dome was exhumed during magmatically driven diapiric rise of the high-grade rocks during northsouth extension of the Bering Strait region (BSGFP 1997; Akinin and Calvert 2002) .
Kigluaik diabase dike swarm

Field relations and geochemistry
The most extensive mid-Cretaceous dike swarm on the Seward Peninsula is found in the Kigluaik Mountains. The country rocks for the dikes include sillimanite-granulite-grade paragneiss and orthogneiss units known as the Kigluaik Group (Moffit 1913) , flanked by the lower-grade Nome Group, which consists of quartzose and pelitic schist, marble, metabasite, and rare felsic orthogneiss (Till and Dumoulin 1994) . There are no significant brittle faults between the Kigluaik Group and the Nome Group. Instead, fabrics and metamorphic grade vary continuously throughout the exposed structural section. The Nome Group, and by inference the Kigluaik Group, were both metamorphosed to blueschist and transitional greenschist facies in a high-pressure-low-temperature event that occurred before -120 Ma (Hannula and McWilliams 1995) . A subsequent Late Cretaceous metamorphic event caused thermal overprinting of the blueschist-facies rocks (Moffit 1913; Throckmorton and Hummel 1979; Lieberman 1988) . The minimum age of this event is approximately 91 Ma based on U-Pb dating of monazite from metapelite and pegmatite (Amato et al. 1994; Amato and Wright 1998) . It is possible, however, that magmatism and heating of the crust may have begun as early as 110 ± 5 Ma based on the oldest U-Pb zircon ages obtained from deformed Cretaceous granitic rocks (Amato and Wright 1998) .
Cretaceous magmatism in the Kigluaik gneiss dome is recorded by (i) 110-105 Ma orthogneisses, (ii) the 90 Ma Kigluaik pluton, and (iii) the 90(?)-84 Ma diabase dike swarm. The first of these events is recorded by two orthogneiss bodies of Cretaceous age exposed in the Kigluaik Mountains. They have U-Pb zircon ages of 105 ± 3 and 110 ± 5 Ma and were highly deformed prior to or during the second intrusive event (Amato and Wright 1998) . The Kigluaik pluton is bimodal in composition and is not deformed. It has a mafic to intermediate root of quartz monzodiorite, tonalite, and diorite which appears to be cut by gabbroic dikes or lenses, and it is overlain by a 1 km-thick felsic cap of biotite granite (Amato and Wright 1997) . Separating these units is a zone of mafic enclaves within a granodiorite matrix.
A diabase dike swarm cuts across all units within the Kigluaik gneiss dome, including the Kigluaik pluton (Fig. 3) , providing an upper limit of 90 Ma for intrusion (see Geochronology section). Dikes are mostly found within a corridor -30 km wide centered just southeast of the center of the pluton. They typically cut upper-amphibolite-facies metamorphic rocks, but a few dikes were also mapped in the transition zone between the structurally lower Kigluaik Group and the overlying Nome Group. One outcrop of an altered mafic dike was found in the Mount Distin area (R.C. Ford, personal communication, 2001) , and other dikes have been reported from drill holes (Ford and Snee 1996) . These are assumed to be Cretaceous in age because they are unmetamorphosed and therefore unrelated to Nome Group metabasites of uncertain but probable Late Proterozoic to Paleozoic age (Sainsbury 1972; Till et al. 1986; Patrick and Evans 1989) .
The dikes range in thickness from 0.5 to 5.0 m and typically do not show significant variations in width along their length. Margins are generally planar and parallel, although some have more irregular contacts with country rock. All observed dikes cut sharply across compositional boundaries in the country rock. Several appear to have centimetre-to decimetrescale offshoots that fill adjacent fractures, and chilled dike margins were locally observed (Fig. 4) . They typically strike 040°± 20°and are steeply northwest-dipping. Over half of the dikes strike northeast-southwest, with a northeast dip ranging from 75°to 90°. Measured strikes range from north-south to east-west, however, and dips range from 40°t o 90°.
The majority of the 71 studied dike samples have diabasic textures and are either aphanitic or aphanitic porphyries (Fig. 5) . Rocks that are more equigranular are microcrystalline to very fine grained. Some have a glassy (devitrified) groundmass and a pilotaxitic texture. Subophitic and intersertal textures were also observed. Vesicles filled with calcite are present in about 10% of the samples. Phenocryst phases are found in approximately half of the sampled rocks and consist predominantly of plagioclase (Pl), clinopyroxene (Cpx), orthopyroxene (Opx), and hornblende (Hbl). Typically, rocks contain Pl + Opx, Pl + Opx + Cpx, Pl + Cpx, or Pl + Cpx + Hbl. Clinopyroxene and orthopyroxene phenocrysts are variably altered. Hornblende is generally altered and therefore unsuitable for geochronology. Matrix or groundmass phases include, from most to least common, ubiquitous plagioclase, biotite, clinopyroxene, hornblende, quartz, olivine, Fe-Ti oxides, and rare titanite. Plagioclase crystals are elongate laths with Carlsbad and albite twins and are variably sericitized. Biotite is reddish brown. Clinopyroxene is augite to titanaugite in composition and has a subophitic texture, enclosing plagioclase. Sector zoning in titanaugite was observed in one of the more mafic samples. Hornblende is generally altered to Fe-Ti oxides, biotite, or chlorite. Quartz is only present in the more felsic samples as interstitial grains. Olivine displays typical alteration along fractures.
Xenocrysts and xenoliths are common in the dikes. Xenocrysts in one sample make up 10% of the rock, but are found in 1-5% abundance in about half of the samples and are not present in the other half. The most common xenocrysts are quartz and plagioclase, but calcite, hornblende, and K-feldspar were also observed. Feldspar xenocrysts are commonly resorbed, and quartz xenocrysts typically are rimmed by fine-grained clinopyroxene. Xenolith fragments include aggregates of amphibole, clinopyroxene, quartz-K-feldspar, plagioclase-clinopyroxene, and white micadiopside. These xenoliths are representative of the amphibolite, gabbro, granite, and calc-silicate rocks found in the host rocks.
Major and trace element geochemical analyses were performed at New Mexico State University using a Rigaku ZSX X-ray fluorescence spectrometer. Rare earth elements (REE) were analyzed for a few samples using instrumental neutron activation analysis (INAA) at the University of Houston. Sr and Nd isotopic data were collected at Rice University. Loss on ignition (LOI) was determined for all samples. LOI ranged from 0.5% to 6.5%, with most samples containing 0.5-2.5% LOI. Those samples with LOI > 3.5% were assumed to have excessive alteration of plagioclase to hydrous clay minerals and were not included in subsequent interpretation or chemical variation diagrams. The alteration index (AI) of Ishikawa et al. (1976) was used to evaluate the alteration of the remaining samples. This index (AI = (MgO + K 2 O)/(MgO + K 2 O + Na 2 O + CaO) × 100) has values of between 38% and 48%, suggesting relatively low levels of alteration.
The SiO 2 concentration of the dikes ranges from 47.5% to 56% (Table 1 ; Fig. 6 ). Samples with 58-63% SiO 2 (samples 91A-2, 92.3A-98, and 90P10-2) either contain abundant quartz-feldspar xenocrysts or are hybrids, having mixed with granitic dikes. MgO in the dikes ranges from 2% to 8%, and Fe 2 O 3 ranges from 6.5% to 11%, with both oxides showing a decrease with increasing SiO 2 . Na 2 O is extremely restricted in range from 3% to 4% across the SiO 2 range, whereas K 2 O increases from 1.2% in the most mafic samples to 4% in the most felsic ones. The K 2 O concentrations place the dikes in the shoshonitic series of Gill (1981) . Classification using the total alkalis versus silica diagram places the majority of the samples in the alkaline category, or trachytic series (i.e., trachybasalt, basaltic trachyandesite, and trachyandesite Fig. 8 ). The chondrite-normalized patterns from the dikes are extremely similar to the patterns from Kigluaik pluton samples representing the same range of SiO 2 concentrations. The dikes have slightly higher heavy REE concentrations, and the most mafic dike, 90P8-9, does not have as strong an Eu anomaly relative to the pluton. Overall, the similarities in REE concentrations and the fact that both have light REE enriched patterns strongly support our interpretation that the dikes and the pluton were derived from the same source region.
Sr-and Nd-isotope compositions were determined for five samples (Table 3 ; Fig. 9 ). Initial ratios were calculated assuming an emplacement age for the dikes of 84 Ma (see Fig. 3 . Kigluaik diabase dike swarm is shown in relation to the Cretaceous intrusive rocks in the Kigluaik gneiss dome. Circles indicate localities where dike orientations could not be determined. Density of dikes in the southernmost parts of the map area (the Nome Group) could be higher than shown; exposures are poor. The only reported dike is from a drill hole in the Mount Distin area (circle in the southeast corner). The area east of the broken line was not mapped in detail for diabase dikes, therefore the density of dikes there is unknown. Stereonet shows poles to diabase dikes. pC-Pz, Precambrian-Paleozoic. Geology by Amato (1995) and Amato and Miller (1997 
Geochronology
Four groundmass concentrates and one biotite separate from the Kigluaik dikes were dated by the 40 Ar/ 39 Ar incrementalheating method at the New Mexico Geochronology Research Laboratory. These samples were selected for dating using electron microprobe observations. Although these were the least altered samples available, none were entirely free of alteration; all contained at least some chlorite. All five samples yielded increasing ages over the first 5-20% of the age spectra, whereas higher temperature steps were more concordant ( Fig. 10 ; Tables 4, 5). Radiogenic yields increase over the same intervals, reaching nearly 100% for most of the higher temperature steps. K/Ca ratios, calculated from K-derived 39 Ar and Ca-derived 37 Ar, are relatively uniform for the biotite, but variable for the groundmass concentrates, consistent with degassing of varying amounts of plagioclase, pyroxene, and chlorite. The more concordant, higher temperature segments of the age spectra approached but did not meet plateau criteria (e.g., Fleck et al. 1977) . Relatively concordant segments were selected by excluding discordant steps, which strongly increased mean square of weighted deviates (MSWD) values. Weighted-mean ages calculated for these relatively concordant segments are 83.6 ± 0.8 Ma for the biotite and range from 80.7 ± 1.2 to 83.3 ± 0.9 Ma for the groundmass concentrates (errors quoted at ±2σ). Given the microprobe observations of alteration, the slightly discordant nature of the age spectra, the potential for 39 Ar recoil (e.g., Lo et al. 1994) , and the possibility of dike intrusion into country rock at elevated temperatures, these 40 Ar/ 39 Ar ages should be considered minimum estimates for the age of intrusion of the dikes. Therefore, we can only say that the dikes intruded between -84 Ma, their minimum age based on Ar geochronologic data, and 90 Ma, the age of the pluton that is cut by the dikes.
York, Bendeleben, and Darby dike swarms
York Mountains
The dikes of the York Mountains intrude the least metamorphosed rocks exposed on the Seward Peninsula (Fig. 11) . Here, mainly Ordovician carbonate rocks lie in fault contact with older slate and argillaceous limestone of possible Cambrian age (Sainsbury 1969) . Upper Ordovician rocks are found in the hanging wall or upper plate of a low-angle (-30-45°), laterally extensive, south-dipping system of faults initially mapped as thrust faults. Sainsbury (1969) also mapped higher-angle normal faults with aggregate displacement of "thousands of feet" within the upper plate of the lower angle faults. These normal faults generally strike east-west and are undated but are thought to have formed prior to the intrusion of most of the Late Cretaceous granites that cut the carbonates.
Together, these relationships suggest that the younger-onolder low-angle faults had normal displacement and formed during extension. As such, the York Mountains may represent part of a normal-faulted upper plate to the widespread region of extensional metamorphic fabrics found across the Seward Peninsula, such as in the Kigluaik gneiss dome (Miller et al. 1992; Amato et al. 1994; . If so, the normal faults might be expected to have formed around 90 Ma during mid-Cretaceous extension in the Kigluaik Mountains (Amato et al. 1994 Sr ratios (0.708-0.720). K-Ar dates suggest emplacement of the suite between 70 and 80 Ma (Hudson and Arth 1983) .
Rhyolite dikes are common in the York Mountains area and range in width from <1 m to -15 m; some cut the granite stocks. Many are intruded along fractures or normal faults that strike 060-085, and the longest of these can be traced for nearly 3 km. The "Cassiterite dike" in the Lost River area, for example, dips -75°to the south and is intruded along a fault that has <100 ft (1 ft = 0.3048 m) of normalsense displacement. Whole-rock compositions were not reported, but the dikes consist mainly of quartz, orthoclase, and albite (Sainsbury 1969) .
Mafic rocks are found as both dikes and plugs in the York Mountains area (Sainsbury 1969) . Two small plugs are exposed, but most of the mafic rocks are dikes with the same strike as that of the rhyolite dikes. The dikes strike 060-085 and are generally steep, although some are mapped as dipping -20°. These dikes generally intrude along normal faults and locally cut the rhyolite dikes and some normal faults (Sainsbury 1969) and therefore have been interpreted to generally postdate the normal faults. Most dikes are fine to medium grained, have chilled margins, and contain xenocrysts of quartz and orthoclase and xenoliths of granite. Dikes are found in greater abundance near the granite stocks. All dikes contain pyroxene, andesine, or labradorite laths, biotite, and secondary calcite. Potassium feldspar xenocrysts abundance ranges from zero to as much as 20% where the dikes are closer to granite. Accessory minerals include pyrite, Fe-Ti oxides, and titanite (Sainsbury 1969) .
Whole-rock geochemistry was reported on 14 samples from the mafic dikes. The samples were divided into two groups, a lower silica group with fewer xenocrysts and a higher silica group with more xenocrysts found near granite (Sainsbury 1969) . In the first group, SiO 2 ranges from 44.5% to 51.0%, MgO ranges from 4.5% to 8.0%, and K 2 O ranges from 1.0% to 2.7%. TiO 2 is locally high (-10%), with most samples containing 1-2% TiO 2 . In the second group, which includes the mafic plug near Lost River, SiO 2 ranges from 51.5% to 56.7%, MgO ranges from 3.2% to 5.4%, and K 2 O ranges from 2.2% to 3.6%. A single sample of alkalic basalt was re- Fig. 4c) V  198  168  184  175  190  123  157  168  167  153  115  136  144  131  107  143  101  112  Cr  325  154  144  145  143  65  116  203  318  159  11  bd  200  69  bd  97  71  bd  Ni  93  37  37  bd  44  bd  46  46  55  58  bd  bd  113  bd  bd  124  bd  bd  Cu  34  18  28  15  24  bd  26  27  25  27  bd  16  52  17  18  25  15  bd  Zn  76  111  132  151  84  45  94  88  69  103  131  112  74  112  113  73  63  87  Rb  66  112  67  87  100  170  117  136  114  108  130  118  152  100  172  151  214  247  Sr  717  431  564  609  627  617  600  523  365  525  489  496  438  571  515  305  363  288  Y  3 Zr  220  322  308  320  319  578  361  283  244  391  575  523  253  533  664  279  327  323  Nb  bd  bd  bd  bd  bd  23  bd  bd  bd  bd  bd  bd  bd  bd  21  bd  bd  bd  Ba  1110  609  751  984  1102  1711  944  1011  468  821  1202  1147  723  1180  1311  500  705  560 Note: Whole-rock compositions were determined by X-ray fluorescence spectroscopy at New Mexico State University, using a Rigaku ZSX wavelength-dispersive spectrograph equipped with an end-window Rh target X-ray tube. Oxides are reported as weight percent, and trace elements in parts per million. AI, alteration index of Ishikawa et al. (1976) and defined as (MgO + K 2 O)/(MgO + K 2 O + Na 2 O + CaO) × 100; bd, below detection limit; LOI, loss on ignition determined by weight loss after heating at 1000°C for 20 min. a All Fe was calculated as Fe 2 O 3 . ported from Black Mountain to contain 43.6% SiO 2 , 7.7% MgO, and 2.3% K 2 O (Sainsbury 1969) . Sainsbury (1969) separated the mafic dikes into two groups, diabases and lamprophyres, and claimed that the lamprophyres formed as the result of mixing between the diabase and granite. Many of the lamprophyre dikes lack the euhedral phenocrysts of biotite or hornblende that are distinctive of this group (Streckeisen 1979; Bergman 1987; Rock 1987) , and if a mixing origin is valid, a separate name with its genetic implications is probably not useful. Thus, the dikes of the York Mountains are probably best described as diabase dikes with variable contamination.
Bendeleben Mountains
The Bendeleben Mountains form one of the three high-grade metamorphic culminations exposed on Seward Peninsula (Fig. 2) . Greenschist-, amphibolite-, and locally granulite-facies metamorphism affected mainly metasedimentary rocks that are similar to those of the Kigluaik Group Till et al. 1986; Till and Dumoulin 1994) . Two episodes of metamorphism have been reported from this area, an early high-pressure event that produced kyanite and staurolite, and a younger lower pressure -higher temperature event that produced andalusite, sillimanite, and cordierite. Migmatite is common in an area surrounding the Bendeleben pluton. Based on K-Ar dates from the pluton and adjacent metamorphic rocks, metamorphism is thought to have occurred between 80 and 90 Ma (Miller and Bunker 1986) .
Cretaceous magmatism in the Bendeleben Mountains includes the Bendeleben pluton, small bodies of foliated granite, a small pluton in the western part of the range, quartz latite dikes, mafic dikes, and pegmatite dikes (Till et al. 1986 ). The Bendeleben pluton is a fine-grained to porphyritic biotite granite with accessory titanite, Fe-Ti For each of these major elements, the dikes and pluton show very similar concentrations and trends. Dike data are more scattered, probably owing to contamination by country rock xenoliths and xenocrysts. In the Na 2 O + K 2 O Harker diagram, the fields delineated are trachybasalt (1), basaltic trachyandesite (2), and trachyandesite (3) (Le Bas et al. 1986) . Geochemical data for dikes are shown in Table 1 . Data for the pluton are from Amato and Wright (1997). oxides, allanite, zircon, and apatite (Till et al. 1986) . A K-Ar date on biotite of 82 ± 2 Ma has been reported from this pluton (Miller and Bunker 1976) . Dikes described as "quartz latite" ) may have compositions that range from trachyandesite to rhyolite. Orientations were not reported. Undifferentiated mafic dikes were reported as cutting the Bendeleben pluton, but individual dikes were not mapped. Compositions were reported as being basaltic to andesitic, and mineral assemblages include plagioclase, pyroxene, biotite, hornblende, Fe-Ti oxides, and apatite. These dikes are aphanitic to very fine grained or porphyritic and generally altered.
Darby Mountains
The Darby Mountains expose metamorphic rocks similar to those found in the Bendeleben Mountains. Former blueschistfacies assemblages have been thermally overprinted to greenschist grade, and upper-amphibolite-to granulite-facies rocks are found near Cretaceous plutons. The high-temperature metamorphic event may have occurred before 95 Ma based on K-Ar dates (Miller and Bunker 1976) . Plutonic rocks are more abundant in the Darby Mountains than in the Bendeleben Mountains, and Cretaceous magmatism is mainly represented by the Darby, Windy Creek, and Kachauik plutons and an alkalic dike swarm (Fig. 12) .
The Darby pluton is an elongate, tabular biotite-hornblende granite intrusion with large K-feldspar phenocrysts. Four samples from the Darby pluton yielded K-Ar biotite and hornblende dates ranging from 91 ± 2 to 97 ± 3 Ma (Miller and Bunker 1976) . The Windy Creek pluton is a quartz monzonite with hornblende and pyroxene and is cut by biotite granodiorite dikes. This intrusion has not been dated but is assumed to be Late Cretaceous. The Kachauik pluton is composite with a biotite granite -hornblende granodiorite phase and a hornblende-pyroxene monzonite -syenite phase. A K-Ar hornblende date of 99 ± 3 Ma has been reported (Miller and Bunker 1976) .
The alkaline dikes are part of a 300 km long belt of alkaline Table 1 . Data for the pluton are from Amato and Wright (1997) .
intrusive rocks that extends from the northwestern YukonKoyukuk basin to the Bering Strait region (Miller 1972 ). In the Darby Mountains, these dikes include syenite, nepheline syenite, and pseudoleucite porphyry (Miller 1972; Miller et al. 1972; Till et al. 1986 ). The dikes form a large swarm that intrudes the Kachuaik pluton and are generally 3-10 m wide with a vertical dip and a consistent 030-050 strike, although locally north-northwest-striking dikes have been mapped. These dikes yielded a K-Ar date of 96 ± 3 Ma (Berry et al. 1976 ).
Discussion
Petrogenesis of the Kigluaik dike swarm
Our data strongly support a common origin between the Kigluaik pluton and the Kigluaik dike swarm. The diabase texture and mineralogy of the majority of the dikes are similar to those of the rocks found in the mafic to intermediate root Fig. 8 . Chondrite-normalized rare-earth element (REE) plot for three diabase dikes from the Kigluaik Mountains. Normalization factors are from Evensen et al. (1978) . The SiO 2 concentrations of the dikes are 47.5% for 90P8-9, 54.5% for 90P10-3b, and 62.4% for 90P10-2, and the range of SiO 2 from the plutonic samples from which the REE data were collected is 51-58%. REE data for the dikes are given in Table 2 . REE data for the pluton are from Amato and Wright (1997 and mafic enclaves in the Kigluaik pluton. Virtually all geochemical parameters in the dikes are analytically indistinguishable from the mafic phases of the pluton (Figs. 6, 7) . The mafic to intermediate root of the pluton has a relatively small area of exposure in the core of the gneiss dome, but the region of the dike swarm is much larger and is mostly concentrated in an area southwest of the mafic to intermediate root. This observation suggests that the root of the Kigluaik pluton may be much more voluminous at depth. Cross-cutting relationships indicate that the dikes are younger than the pluton, though it cannot be determined if they were intruded during one event or if they may have been emplaced over a longer period of time between 90 and 84 Ma. We suggest that the diabase dikes have the same source region as the Kigluaik pluton, and that this source was being tapped during at least two separate events. Sr-and Nd-isotope compositions near bulk earth from both the pluton and the dike swarm suggest that a lithospheric mantle-derived parental magma fractionated and assimilated crustal rocks during its history. Both the mafic to intermediate root and the dikes have trace element characteristics similar to those of Lower Cretaceous arc-related volcanic rocks and Upper Cretaceous potassic plutons in the Yukon-Koyukuk Basin of Alaska. These compositions are also similar to those of other potassic mafic plutons formed above continental subduction zones (e.g., Gulson 1972; Agar and Le Bel 1985; Stein et al. 1994) . The Kigluaik pluton was interpreted to have intruded in a continental arc above a subduction zone that may have been undergoing modification such as slab roll-back (Amato and Wright 1997) . This would explain the high-K compositions and provide a driving force for extension in the overriding plate. The dikes share the source region and petrogenetic history of the pluton, but they probably represent a somewhat younger intrusive event.
The three-phase history of magmatism in the Kigluaik Mountains is similar to that observed in the mid-Tertiary history of parts of the Basin and Range province (e.g., Gans et al. 1989 ). An early phase of partial melting of the crust induced by mantle-derived magmatism is represented by the granitic orthogneisses at 110-105 Ma. Subsequent bimodal magmatism occurred at 90 Ma in the Kigluaik pluton during and after peak extension, as mafic magmas rise through the crust together with felsic magmas generated by assimilation and fractional crystallization processes. Lastly, the dike swarms represent a period of predominantly mafic magmatism that occurred after depletion of the more easily fused crustal constituents.
Tectonic implications of the Seward Peninsula dike swarms
The Bering Strait region is underlain by a 32 km thick crust with subhorizontal reflectors in the middle and lower crust and a nearly flat, sharply defined Moho , despite evidence for an early collisional event in Jurassic time that likely thickened the crust. These relationships are interpreted as the result of post-thickening extension and crustal collapse . Mid-crustal xenoliths collected from Quaternary basalt flows on St. Lawrence Island yield U-Pb sensitive high-resolution ion microprobe (SHRIMP) ages of 90-85 Ma and younger (Miller et al. 2002a) , suggesting that the layered reflective middle and lower crust likely includes Late Cretaceous intrusions and was at granulite-facies temperatures until the early Tertiary.
The seismic reflection data and xenolith data supportinterpretations based on the geology of the Kigluaik Mountains (Miller et al. 1992; Amato et al. 1994; Dumitru et al. 1995; Rubin et al. 1995) and the Chukotka Peninsula (BSGFP 1997 ) that the Bering Strait region experienced extension sometime following the Late Jurassic -Early Cretaceous collisional event between the Arctic Alaska-Chukotka block and the Asia -North America continent. The gneiss domes of the Seward Peninsula and the Chukotka Peninsula formed at this time together with subduction-related magmatism above a slab that was retreating to the south. The dike swarms of Seward Peninsula intruded after the crust had cooled from peak metamorphic temperatures but was still undergoing extension. Extension in the region continued, perhaps intermittently, through the Tertiary and into the present time Mackey et al. 1997) .
If the Late Cretaceous history of the Bering Strait region was marked by post-collisional extension, what was the orientation of this extension? Dike swarms have been used to determine paleostress orientations (e.g., Anderson 1951; Henry and Price 1986; Pollard 1987; Best 1988) , although care must be taken to ensure that dikes are not merely intruding along preexisting fractures (Delaney et al. 1986) or that their orientation is not merely a local perturbation of the stress field caused by plutons (Smith 1987) . As such, they are straightforward indicators of the direction of extension (orthogonal to the dike plane) at the time of their intrusion.
It is unlikely that any preexisting fractures controlled the geometry of dike intrusion in the Kigluaik, Bendeleben, and Darby mountains because these dikes intruded mid-crustal gneiss domes following amphibolite-to granulite-grade metamorphism in each of these areas. The dikes of the York Mountains intruded at higher crustal levels, but appear to be Fig. 9 . Sr-and Nd-isotope data from the dikes and the pluton show generally similar values. Isotope data for dikes are given in Table 3 . Isotope data for the pluton are from Amato and Wright (1997) . Fig. 10 . Age spectra for groundmass concentrates (A-D) and biotite (E) from diabase dikes in the Kigluaik Mountains, Alaska. The higher temperature segments of the spectra approached but did not meet plateau criteria. Weighted-mean ages for A-D range from 80.7 ± 1.2 to 83.3 ± 0.9 Ma, and the weighted-mean age for the biotite (E) is 83.6 ± 0.8 Ma. This oldest age (-84 Ma) is considered to be the minimum age for the dike swarm. See text for details.
Step Temp.
(°C) 40 intruded along normal faults or cut the faults, suggesting that dike intrusion post-dates normal faulting in the area (Sainsbury 1969) . In this case, the faults can be used to infer the extension direction during the Late Cretaceous. None of the dike swarms have a radial distribution around the plutons that they intrude, so it appears that the dikes can be used to interpret regional rather than local stresses. The north-northeast strike of dikes in the Kigluaik Mountains and Darby Mountains implies that the extension direction at the time of dike intrusion was roughly west-northwest or -310°( present coordinates). The nearly east-west-striking dikes in the York Mountains, together with the parallel normal faults, record north-northwest or -330°-360°extension. Although the geochronology of the Seward Peninsula dike swarms is not well constrained, our preferred interpretation is that the Kigluaik Mountains dikes intruded sometime between 90 and 84 Ma, probably closer to 84 Ma, and that at least some of the Darby Mountains dikes are older, around 96 Ma, based on a single K-Ar date (Berry et al. 1976) . It is also possible that some of the Darby Mountains dikes are essentially coeval with the Kigluaik dike swarm based on their similar orientations. The York Mountains dikes are undated but are associated with plutons that are 10 million years younger than the Kigluaik and Darby plutons, so the dikes and normal faults there may be slightly younger than those in the rest of Seward Peninsula.
Another data set that addresses the extension direction on Seward Peninsula is the orientation of mineral stretching lineations in metamorphic rocks. These orientations are shown together with the dike orientations in Fig. 13 . In areas such as the southern Brooks Range, the Seward Peninsula, and the Chukotka Peninsula, mineral stretching lineations are mostly north-south. Lineations in the structurally deepest core gneisses of the Kigluaik Mountains, however, are oriented roughly east-west (Amato et al. 2002 ). An -4 km thick transition zone that spans second-sillimanite-grade to biotite-grade rocks contains lineations that progressively rotate upward in the section to become nearly north-south within the upper part of the gneiss dome and in the overlying Nome Group, matching the regional orientation in the Bering Strait region (Amato et al. 2002) . The continuous transition of lineation azimuth and the lack of overprinting relationships indicate orthogonal stretching directions at different structural levels during deformation. It is possible that mid-crustal east-west flow beneath the Seward Peninsula may reflect compensation at depth for differential crustal thinning at higher crustal levels. This thinning may have occurred during regional north-south extension associated with, and modified by, the vertical rise of the gneiss dome.
Taken together, the lineations and the orientations of the dikes on Seward Peninsula suggest the orientation of extension in the Bering Strait region may have varied with time and with depth in the crust (Fig. 14) . North-south shortening occurred at >120 Ma (and possibly began as early as Late Jurassic), as reflected in the early structures and blueschistfacies assemblages of the Nome Group (Patrick and Evans 1989; Hannula and McWilliams 1995) . This was followed by regional north-south extension associated with the southward retreat of the subducting slab. This event could have occurred between -110 and 90 Ma and was accompanied by local east-west flow in the deepest structural levels
(°C) Note: Isotopic ratios were corrected for blank, radioactive decay, and mass discrimination, but were not corrected for interfering reactions. Individual analyses show only analytical error; plateau and total-gas age errors include error in J (a value that takes into account the neutron production during irradiation, e. Note: Sample preparation and irradiation as follows: (i) the groundmass concentrates and biotite separate were prepared using standard hand-picking techniques; (ii) the samples were loaded into a machined Al disc and irradiated for 24 h in L-67 position, Ford Memorial Reactor, University of Michigan, Ann Arbor, Michigan; (iii) neutron flux monitor Fish Canyon Tuff sanidine (FC-1); (iv) assigned age = 27.84 Ma, equivalent to Mmhb-1 at 520.4 Ma (Samson and Alexander 1987) . Instrumentation as follows: (i) Mass Analyzer Products 215-50 mass spectrometer on line with automated all-metal extraction system; (ii) groundmass concentrates were step-heated with a Mo double-vacuum resistance furnace, heating duration 8 min; (iii) reactive gases removed by a 13 min reaction with two SAES GP-50 getters, one operated at -450°C and one at 20°C, and gas also exposed to a W filament operated at -2000°C and a cold finger operated at -140°C. Analytical parameters as follows: (i) electron multiplier sensitivity averaged 2.96 × 10 -16 mol/pA for 89MC-78 and 92NA-107 and 1.53 × 10 -16 mol/pA for the remaining three samples; (ii) total system blank and background for the laser averaged 327, 1.7, 1.1, 0.8, and 1.9 × 10 -18 mol at masses 40, 39, 38, 37, and 36, respectively; (iii) J factors determined to a precision of ±0.1% by CO 2 laser fusion of four single crystals from each of three radial positions around the irradiation tray; (iv) correction factors for interfering nuclear reactions were determined using K-glass and 39 Ar released; (ii) plateau age or preferred age calculated for the indicated steps by weighting each step by the inverse of the variance; (iii) plateau-age error calculated using the method of Taylor (1982) ; (iv) MSWD values are calculated for n -1 degrees of freedom for plateau age; (v) isochron ages, 40 Ar/ 36 Ar i , and MSWD values calculated from regression results obtained by the methods of York (1969) ; (vi) decay constants and isotopic abundances are from Steiger and Jäger (1977) ; (vi) all final errors reported at ±2σ unless otherwise noted.
a MSWD outside 95% confidence interval. recorded by stretching lineations in the core of the dome (Amato et al. 2002) . Northwest stretching recorded by the dikes could have occurred as late as 84 Ma. At this time, conditions in the core were still 300-500°C. Roughly north-south stretching recorded by the dikes and normal faults in the York Mountains are associated with plutons that are dated at 80 ± 3 and 77 ± 3 Ma (Hudson and Arth 1983) . It is possible, however, that the faults predate these intrusions, and therefore the timing of north-northwest stretching in the York Mountains remains speculative. Overall, Late Cretaceous extension in the Bering Strait region appears to have a north-south to northwest-southeast orientation based on the regional geology (Figs. 13, 14) , the structures on Seward Peninsula, and the dike swarms. The dike swarms in the Kigluaik and Darby mountains indicate a northwest-southeast orientation of stretching that may relate to both the timing of extension (younger) and depth (deeper) in the crust relative to the data taken from the stretching direction in the Nome Group and the normal faults in the York Mountains.
Apatite fission-track data from the Kigluaik Mountains indicate that the higher structural levels of the gneiss dome cooled through -120-85°C by 83 Ma, whereas the deeper structural levels reached these temperatures between 50 and 33 Ma . These data indicate exhumation continued through Early Oligocene time. Paleogene exhumation was coeval with the development of the offshore Hope and Norton basins and associated normal faults that flank the Seward Peninsula (Fig. 13) . Recent seismicity (Mackey et al. 1997 ) and the active Kigluaik and Bendeleben normal faults (Hudson and Plafker 1978) document Recent north-south extension on Seward Peninsula.
Conclusions
Diabase dike swarms of Late Cretaceous age are found in the Kigluaik, York, Bendeleben, and Darby mountains. In each area, they are associated with Cretaceous plutons that are interpreted to have formed from differentiation and contamination of mantle-derived mafic parental magmas. This fundamentally mafic magmatism is represented by the mafic rocks in the root of the Kigluaik pluton, mafic stocks in the York Mountains, mafic enclaves in the Darby pluton, and the diabase dike swarms themselves. Magmatism probably occurred above a north-dipping subduction zone that may have been undergoing modification, perhaps by a steepening of the subduction angle with associated trench retreat and extension in the overriding plate.
A Late Cretaceous extensional tectonic setting for the Bering Strait region and northern Alaska is suggested by (i) crustal thinning across the remarkably broad continental shelf between Alaska and Russia , (ii) subhorizontal seismic reflectors in the lower crust offshore of Seward Peninsula , (iii) mid-Cretaceous sedimentation in the Yukon-Koyukuk Basin (Nilsen 1989), (iv) extensional faulting along the southern Brooks Range (Little et al. 1994) and in the York Mountains, (v) exhumation of blueschist rocks , (vi) extensively deformed rocks with subhorizontal foliations and well-developed mineral stretching lineations on the Seward Peninsula (Amato et al. 1994) , (vii) bimodal potassic magmatism in the Kigluaik Mountains (Amato and Wright 1997) , and (viii) extensive diabase dike swarms across the Seward Peninsula (this paper).
The kinematics of extension as determined from lineations and shear-sense indicators in the gneiss domes are complex. The extension direction in the region may have varied with time and with depth in the crust. Older extension, from about 110 to 90 Ma, recorded by the structures and fabrics in the Kigluaik Group and Nome Group rocks and by the possibly coeval York Mountains normal faults indicates generally north-south to north-northwest or -330°-360°extension. Dikes in the Kigluaik Mountains are likely 90(?)-84 Ma and their orientations imply west-northwest or -310°extension (present coordinates; central and western Alaska have rotated counterclockwise since this time; e.g., Hillhouse and Coe 1994) . Dikes in the Darby Mountains may be slightly older but have the same orientation. In addition to constraining the kinematics of Cretaceous extension in the Bering Strait Miller et al. (1972) and Till et al. (1986) . K, Cretaceous; pC-Pz, Precambrian-Paleozoic. Miller and Hudson (1991) , Plafker et al. (1994) , BSGFP (1997), Miller et al. (2002b) , and Klemperer et al. (2002) . See text for details.
region, these dike swarms may be useful in tectonic reconstructions between Chukotka, St. Lawrence Island, Seward Peninsula, and northern Alaska. 
